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Abstract 
The Ru/TiO
2
 catalyst holds great promise as a key material for artificial conversion of CO
2
 to CH
4
 through 
several hydrogenation elementary reactions. In this study, we examined the bent structure of CO
2
 molecules 
on the Ru(0001) surface and Ru-nano-clusters to investigate the Ru/TiO
2
 catalytic reaction, based on the 
density functional theory (DFT) at the generalized gradient approximation (GGA) level under the periodic 
boundary condition. The bent structure of CO
2
can trigger a series of hydrogenation reactions leading to the  
                                 
formation of CH
4
, and this structure can be observed not only on the Ru(0001) surface and the Ru 
nano-particles on the TiO
2
(101) surface but also on the homogeneous Ru complex catalyst. These findings 
suggest that the bending of the CO
2
 molecule on Ru metal is a key process to activate the stable CO
2
molecule. 
1, 
 CO
2
	
 !"#$
%&'() CO
2
"*+,-.//"0 300 C
°
1400 C
°
"234
5(.CO
2
"	
+6789:;,<CO
2
"*"&=<
>" ?"@ A"BCD$.EFGHIJKLM"N
OPQ"RSTUVWXYZ[9M\]
^_V `,/)ab/ Rucdefg
h TiO
2
iBSjk&'() 1.XYZ[9M\]
^_Vl(cdPQ
mnAPQopqr/s Rucdef6pt+gh'(."uv+/)l(
wxyA/+z>)@ i{ 60 C
°
j CO
2
|}~4/>{ 160 C
°

+ 100%"<")(<'(
) 1.'+gh'( Ru"Po+<Ru"cdPQ
"'().// RucdPQ"A 
+'()A.¡BS "6%Q+s)¢?£¤y(DFT)+¥¦§
n¨y©ª«¬­[;«®) Ru""¯ °±.
;²]³
/) CO
2
pQ´=+µ*¶·ApQ."uvA·pQ+¸/)
¹º"uvA´~4<" +<BS"±A»
"¥¼´yC½'¾¹¿rÀ.¡ÁÂÃCO
2
pQ"ÄÅÆ
++k&/.CO
2
pQ"¹Ç"ÄÅCO
2
	
"}"§nMÈ]J
/)ÉÊ(ËÌIÍ9"Î¿z>)Ï$AÐÑhs> 2.ÒÓÔ«
¬­[;«®ÕVÖ×/Ø+ÙÚÛuÜÉÝÞ<.
2, 
ß ÁÂÃàáâãäå"¢?£¤(DFT)©ª4æ.DFT ©ª+DMol3 JK
_Hçè\]é;êë/ 3.PerdewBurkeErnzerhof +uæ)Þì'(níîïEð
(GGA)+u PBE£¤ 4¥ñ¤+ double-numerical basis-set with polarization (DNP) 
ò/ 3.óôõQ Effective core potential (ECP) +u¶Ö×/ 3.Áö<
RuZ9ÍRS÷ø93×3×1" kùÌJ^_úûüý;³^;þ"©ª"6
">+ octupole"XzQ½Bò/4.7 Å" global-cutoff0.01 Hartree " smearing \H
	;
.
¹+/ RuÍHM
;è÷ø92×2×1" kùÌ
J^_5.2 Å" global-cutoff.
                   
 
3, 
3.1 Ru(0001) CO
2

 BS	
 Ru !
"#$%&'()" Ru*+,)-."/&012
#$345,."6789	:"&
(";</=>?/@A0BC67
 Ru(0001)D CO
2
EFGH4IJ!KLMNOA; 1 6@ARu(0001)
DPQR& ! 4 *+S
-)0"PQRT6;< !PQR
 CO
2
EFU*+ CO
2
EFGH	
VOW6&/ 1a X@Y
1b)"@A04IZ)6; 1aCO
2
EF[EF:"/&-) Ru*+
&\T."/&0\GH."; -  1b[0 CO
2
EF] 0
) Ru^DGH.";/&UCO
2
EF hollow-site-)-L6GH _
` RuaF&baFcd2.06 Å:eCO
2
EFfb-bcd<
1.21 ÅX@Y 1.37Å:";K6O-C-Ogh125.1h:";/@A0 CO
2
EF
] 64I)"Ru *+^DiF !"#$!"67:";K6Ru
*+^D CO
2
j#$/@A0 CO
2
EF] !GH."@A0klm
%!nO." 2; 1a -) 1b o CO
2
EFoGH4IJ!Quadratic Synchronous 
Transit (QST) optimization p 5T!&' X@Y#$5(OW6&/#$qrR
s -0.58 kcal/mol :e< !tu) 5.5 kcal/mol:"/&E-W6;/@
Av#$qrRsvtu):"/&-) 1aX@Y 1b)"@A0
CO
2
EFGH4I&'Ru*+^D*+,/W!"&'()";
 1  Ru(0001)D CO
2
EFGH4I;% a)X@Y b)<4I-wxOW
!Z)64I; 1b)"@ACO
2
EF] !GH."/&@eyb#
$Vu.&0";
                                                
 
 1b	
 CO
2

 -2.9 kcal/mol !"#$%	 22.3 kcal/mol
&'(
)* DFT+,-./0
 21-02CO
2
 Ru34567(2)#
CO
2
89#:;< 1=1
3.2 Ru/TiO
2
 CO
2
	

>  BS?@9		ABC#3 RuBDEFGH9*IJKL(
1M2NO	2L(2(#-.?@P"*K(Q
RS 1#-NOSET8UVWXY
*Z<[Y
\ 2]-Q^ TiO
2
(101)3 Ru_` 10/^FG
H9<(
ab<	
1))#9cde(101)e<fL	
1g

TiO
2
(101) hd#	RuFGH9 ij!#<k0
1)-Q	2l

 RuFGH9/TiO
2
3 CO
2
45m!#nij< 2ao-p 2b]m 2a side-view
. 2b top-viewn1g
CO
2
45m!#nij<l
\#9o-p Ru
BDEFGH9ijhd	2+,<k0
1
 2]	
 CO
2
q"_`FGH9q r( Rust 2.03 Å 
."#stZ$ 1.30 Åo-p 1.22 Å1g
 O-C-Ouv>
132.19v1)-QRuFGH9/ TiO
2
3 CO
2
45ij$F Ruwe%
&1RuFGH9/ TiO
2
345	
 CO
2
x"-stRuwe3
CO
2
xyz'/({^02( uv'/|}{^02(1
)))*q/
 CO
2
x C-Ost 1.18 Å1(~+, 45
ij<-)-02C-Ost.p)*/0K
1)-Q^ CO
2
ij
$Fwe%&Ru FGH9/TiO
2
3 CO
2
89#1ij	2
M1PCO
2
457{#89#:;<2
=)*3Y	2o. 2RuFGH9/TiO
2
4 %&*kM1
 2  TiO
2
(101)weBD RuFGH9Eab1a)  side-viewb)  top-view1
RuFGH9Eab3 CO
2
	2451
                   
 
nab-initioQ´)mn Ru+u CO
2
pQ:Ç"	

¯'() 6.Ru"uvAmnæ)¿ CO
2
pQ"	
Û
uÜ 2(uvA CO
2
pQ"GÝ'()."uvAÁÂÃ
 Ru ef+ÄÅ/ CO
2
pQ"GÆ	
"³^;/)Ï$É
Ê(.nRu  CO
2
pQ"GØ+ÒÓ|} CO
2
pQó"}¨Q+
¸/)/=+:'(.nRuRS¹"CO
2
pQó"}¨
Q+¸/)|}<.BS  100%"	
pQ'()Û
¶:"'()A. Ruef5+¿5»mn
"A."uvAmn""  +<
mnÛuÜ!"´"y¯">>+¿Ï$.
4, 
ß ÁÂÃBS"¯<>+§n¨yQ´©ªÕV+¥¦Ó#$­;

è«¬­[;«®4æ.BS¹" CO
2
	
"³^;/)
CO
2
pQ Ru ef¹G/ÄÅ<Ï$/."uvA CO
2
pQ
"GÄÅÆZ9Í RuRS%&AÓ
¹" RucdèÍHM
;¡/)
Ru¿Ý'(."uv+'¤"( CO
2
pQef¹G'(~4<
´=+µ*A CO
2
pQ'¾>+ef) CO
2
pQG<uv
AõQ)*<Ï$/).
ß §n¨y+¥¦©ª´ÕV"¯+,A-;9A¶l.n
³^.çòæ/+u³[;MBS"uvA|}01(a>"
r,AÕ2+A35(.©ª´ÕV4³^.çè³[;Ì;"uvA56ÕV
7p+<+u¶BS"8Ø +Aæ)ÓÉÊ(.

ß ÁÂÃ"n9:;´|}/<´ÂÃL
;níÂÃ AiHRC2001-05j"=
>&)45(.
Reference 
1
T. Abe, M. Tanizawa, K. Watanabe, and A. Taguchi, Energy Environ. Sci. 2, 315 (2009). 
2
T. Shimazaki, S. Akamaru, T. Abe, and M. Kubo, to be submitted. 
3
B. Delley, J. Chem. Phys. 92, 508 (1990); B. Delley, J. Chem. Phys. 113, 7756 (2000). 
4
J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996). 
5
F. Jensen, Introduction to Computational Chemistry. (John Wiley & Sons Ltd., New York, 1999). 
6
Y.-y. Ohnishi, T. Matsunaga, Y. Nakao, H. Sato, and S. Sakaki, J. Am Chem. Sock 127, 4021 (2005). 
                                                
 
